Nano-adsorbents usually have high fluoride adsorption capacity. However, they cannot be used in packed beds because of their low hydraulic conductivity. Granulation with organic binder usually causes a great loss of adsorption capacity due to the active sites of the adsorbent being extensively occupied by the organic binder. Using inorganic sol as a binder is expected to have a potential for reducing the loss of adsorption capacity. In this paper, aluminium, zirconium, titanium and silica sol were employed as binders for Fe-Al-Ce nano-adsorbent granulation. The nano-adsorbent was mixed with sol and dried to form lumps, then calcinated and ground into powder. The morphology, adsorption capacity and structure of the compound powder were analysed. As an optimization, aluminium sol was selected as a binder in the granulation of Fe-Al-Ce nano-adsorbent using extrusion method. The effects of sol on the adsorbent and the granule structure were characterized.
INTRODUCTION
Fluoride present in drinking water is essential for human health. However, excessive fluoride ion existing in drinking water is harmful to health and causes dental and skeletal fluorosis (Ayoob & Gupta ) . More than 200 million people worldwide rely on drinking water with fluoride concentration that exceeds the WHO guideline of 1.5 mg/L (Bhatnagar et al. ) . Adsorption has been the most widely used technology for fluoride removal from drinking water for its low cost, high effectiveness and easy operation (Meenakshi & Maheshwari ) .
Recent research on adsorbents for fluoride removal in drinking water has focused on nano-adsorbents. Nanoadsorbents usually have high fluoride adsorption capacity due to their large specific surface area and high activity (Kumar et al. ; Mohapatra et al. ) . However, they cannot be used in packed beds because of their low hydraulic conductivity and they need to be granulated at a large size of about 1-2 or 2-3 mm. Researchers have developed some techniques of coating nano-adsorbent onto sand such as iron oxide-coated sand (Lai et al. ) . Polymers adsorption capacity by replacing the organic binder with inorganic sol. The Fe-Al-Ce was kept in deionized water.
MATERIAL AND METHODS

Material
Aluminium sol was prepared by sol-gel method using aluminium isopropoxide as precursor (Buelna & Lin ) . Silica sol used was a commercial product from Qingdao Haiyang Chemical Co., Ltd.
Sampling and characterization
Compound powder
The Fe-Al-Ce was mixed with different sol to form slurry with the mass ratio adsorbent/sol of 1/0.5. The slurry was dried in an oven at 80 W C. After drying, the slurry of Fe-AlCe and sol formed lumps. Part of the lumps was calcinated at 350 W C for 1.5 h. The uncalcinated and calcinated lumps were ground into powder for further characterization.
Granulation
The Fe-Al-Ce was granulated using extrusion method with aluminium sol. The Fe-Al-Ce was mixed with aluminium sol and diluted with deionized water to form slurry with a mass ratio adsorbent/sol of 1/0.5. After stirring, the slurry was dried in an oven until it became a mixed mud. The mixed mud was squeezed through a mould under a pressure solution was shaken at 180 rpm and kept at 25 W C for 24 h during the adsorption. After adsorption, the adsorbent was filtered and the filtrate was analysed. The adsorption capacity was calculated using:
where C 0 is the initial fluoride concentration, mg/L; C f is the final fluoride concentration after adsorption, mg/L; V is the volume of the solution containing fluoride ions, L; m is the adsorbent mass, g; R is the mass fraction of FeAl-Ce in compound powder or granulated adsorbent, i.e.
for adsorbent/sol of 1/0.5, the fraction is 2/3 in this text.
RESULTS AND DISCUSSION
Inorganic sol binder As shown in Figure 4 , compound powder using aluminium, zirconium or silica sol as a binder has a rough surface. There are many Fe-Al-Ce nano particles on the surface of these three compound powders. However, compound powder using titanium sol as a binder has a smooth surface and a dense structure. It is supposed that titanium sol reacted with Fe-Al-Ce in the drying process and produced new material.
Fluoride adsorption capacity of compound powder
In order to compare the inorganic sol properties, the fluoride adsorption capacity of sol and compound powder with different sol was measured. Because the heat treatment usually affects the adsorbent properties significantly, the adsorption capacities before and after calcination were also measured. Table 1 shows the fluoride adsorption capacities of sol, Fe-Al-Ce and compound powder. It can be seen from Table 1 should not reduce the adsorption capacity. Therefore, a calcination temperature of 500 W C and calcination time of 3 h were set in the heat treatment of granules of compound powder.
Granulation of compound powder
The compound powder was granulated by extrusion moulding using aluminium sol as a binder. The surface morphology of the granulated adsorbents is shown in Figure 6 . The cylinder granule has a diameter of about 2.5 mm and a length of 2-4 mm. Figure 6 shows that FeAl-Ce was bound by aluminium sol and has a rough surface.
The fluoride adsorption capacity of the granulated adsorbent is shown in Table 2 .
In the fluoride adsorption capacity determination of granulated adsorbents, the initial fluoride concentration was reduced to 10 mg/L. This concentration was close to that of underground water containing fluoride. As shown in Table 2 , the granulated adsorbent after calcination has a high adsorption capacity, which reached more than 90%
of Fe-Al-Ce. The residual fluoride concentration was below 1 mg/L. This shows that calcination at 500 W C for 3 h increased the adsorption capacity compared with the uncalcinated granules. It is supposed that the calcination at 500 W C caused pore formation inside the granule so that more Fe-Al-Ce was exposed. Meanwhile, the active site of Fe-Al-Ce was not damaged at 500 W C so the adsorption capacity of granulated adsorbents increased. Granulation adsorbents using aluminium sol as a binder have an adsorption capacity much higher than using acrylic-styrene copolymer latex as a binder in our previous research (Chen et al. ) . The initial fluoride concentration is 10 mg/L; dose of the granules and Fe-Al-Ce is 1.5 and 1 g/L, respectively.
Figure 7 | FTIR spectra of granulated adsorbent using aluminium sol as a binder.
